Dolphins have high propulsion and maneuvering performances. Dolphin's tail flukes play an important role to generate propulsive force. We paid attention to a dolphin that lost most part of its tail flukes by disease kept in an aquarium, Okinawa, Japan. The dolphin could swim by attaching artificial tail flukes as well as a normal dolphin. The objective of this study is to discuss the effectiveness of the artificial tail flukes for the swimming of the dolphin by estimating the propulsive forces obtained theoretically using data on the behavior of the tail flukes and swimming number.
INTRODUCTION
It is known that dolphins have high propulsion and maneuvering performances. They are characterized as high speed swimmers (Rohr, Fish, and Gilpatrick, 2002) . They can perform jump, quick start and quick turn. Dolphins swim at the higher speed than the value estimated from both the muscle power and the frictional drag received by the fluid flow around the dolphins. This is so called "Gray's paradox" (Gray, 1936) . The paradox is not yet solved in spite of many researches into the drag minimization of swimming dolphins from various viewpoints such as the streamlined body shape, viscous damping (Kramer, 1960) , dermal ridges (Yurchenko et al., 1980) and so on.
We think that the thrust is the key to understand the high performance swimming ability of dolphins but it is unable to measure the thrust of a swimming dolphin directly. Many attempts of indirect measuring were made. Towing experiments (Houssay, 1912; Gray, 1936) have been made on the assumption that when a fish is swimming freely in water, it is overcoming a resistance equal to that encountered by an inert body of the same size and shape when towed through water at the same speed. Measurements of the energetic consumptions of swimming dolphins also have been carried out by different methods (Williams, Friedl, Fong, Yamada, Sedivy, and Haun, 1992; Yazdi, Kilian, and Culik, 1999) . The simulations of the model taking vorticity and pressure distribution near the swimming fish were carried out by computational fluid dynamics (CFD) (Fauci, 1996; Carling, Williams, and Bowtell, 1998) . But the measures of thrust were rough estimation because of neglect of the compliant body surface and body movement, oversimplification of the animal shape, additional device on the animal and so on.
It is thought that dolphin's tail flukes have an important role to generate thrust force. We paid attention to a well trained female bottlenose dolphin (tursiops truncates), kept in Okinawa Churaumi aquarium, Japan, which lost about 75% of its tail flukes by disease (Seki et al., 2008) . In order to regain the swimming ability of the dolphin, artificial tail flukes were designed and developed. The dolphin wearing the artificial tail flukes was able to swim as before. The objective of this study is to discuss the effectiveness of the artificial tail flukes for the swimming of the dolphin. We examined the swimming behaviors of the dolphin with the artificial tail flukes and compared with those of the dolphin with a remaining tail fin. The heaving amplitude and the pitching angle of the tail, the frequency of the tail and the swimming speed of the dolphin were analyzed and the thrust forces were theoretically estimated by using data on the behavior of the tail flukes. The swimming number of the dolphin was also discussed. The information obtained from our study would be useful for improvement of the artificial tail flukes and the development of propulsor for underwater robots.
EXPERIMENT
A female bottlenose dolphin (tursiops truncates), named Fuji, kept in Okinawa Churaumi aquarium, Japan, which lost about 75% of its tail flukes by disease was used for analyzing the swimming behavior. The weight and the body length of the dolphin were 211 kg and 2.94 m respectively.
A frame of markers for setting coordinates set up in the space of a water tank is shown in Fig.1 . The dimensions of the frame were 2.04 m deep, 6 m wide and 1.8 m high. Markers were aligned in 7 rows with 72 markers. Two underwater CCD cameras were used for synchronously taking pictures of markers on calibrating the coordinates. Fuji was put an innocuous ointment as a marker on her both sides shown in Fig.2 . The number of marker was thirteen on each side. They were target points for fixing coordinates while the dolphin was swimming.
